Nutrition deficiency is reported to induce apoptosis of chondrocytes and degeneration of cartilage endplate (CEP) in rabbit. Cartilage endplate stem cells (CESCs) are important for the integrity of structure and function of CEP. Bcl-2/adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) has been reported to regulate apoptosis, autophagy, and cytoprotection. In this study, we aimed to determine whether nutrition deficiency induces apoptosis of CESCs, and whether or not the BNIP3-related pathway is activated in CESCs during nutrition deficiency. CESCs isolated from degenerated human CEP were cultured under normal or nutrition-deficient condition. Then, apoptosis was analyzed by flow cytometry. The expression and intracellular localization of BNIP3 were detected by quantitative real-time polymerase chain reaction, western blot analysis, and immunofluorescence assay, respectively. Mitochondrial membrane potential (MMP) and caspase-3 activity were measured by JC-1 staining and caspase-3 activity assay. Our results showed that nutrition deficiency promotes apoptosis and BNIP3 expression in CESCs. Notably, knockdown of BNIP3 could partially decrease nutrition deficiency-induced apoptosis of CESCs. In addition, nutrition deficiency could also induce upregulation of BNIP3, resulting in mitochondrial translocation of BNIP3 and loss of MMP in CESCs in a time-dependent manner. However, nutrition deficiency showed no effects on caspase-3 activity in CESCs. In summary, nutrition deficiency may promote CESC apoptosis partially through upregulating BNIP3, which might lead to activation of the BNIP3-related pathway and apoptosis of CESCs in a caspase-independent manner.
Introduction
Intervertebral disc degeneration (IDD) was reported to be a probable primary cause of low back pain, one of the most common diseases, which seriously affects the quality of life and brings economic burden to individuals and society [1, 2] . As the nutrition supply of the avascular intervertebral disc (IVD) mainly depends on diffusion via the cartilage endplate (CEP) [3] , it is presumed that CEP degeneration with decreased permeability may play a key role in the occurrence and development of IDD [4] .
Nutrition deficiency caused by impaired vertebral blood supply or disorders of peripheral microcirculation was found to be associated with IDD [5, 6] . Apoptosis of CEP chondrocytes was increased in rabbit IDD model constructed by interruption of blood supply to CEP [7] . Previously, we demonstrated the presence of progenitor cells in human degenerative CEP and named them as cartilage endplate stem cells (CESCs) [8] . Subsequent studies indicated that progenitor cells were significantly decreased with aging in both human and rabbit IVDs [9, 10] , while the decreased chondrocyte density was observed in human CEP with IDD [11] . Therefore, it is worthwhile to study the effects of nutrition deficiency on CESCs and CEP degeneration.
Bcl-2/adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), an atypical BH3-only member of Bcl-2 family proteins, was reported to regulate cell apoptosis, autophagy, mitochondrial turnover, and cytoprotection, depending on the stress conditions and the cell context [12] . Due to its pro-apoptotic function, transcription of BNIP3 is repressed by transcriptional repressors or epigenetic modification and BNIP3 is primarily localized in the cytoplasm under non-stress conditions [13] [14] [15] . Usually, under stress conditions such as hypoxic, ischemic, and serum deprivation, BNIP3 undergoes upregulation and forms homodimer complexes that insert into the outer membrane of mitochondria via the C-terminal transmembrane domain, resulting in apoptosis or autophagy [16] . On the contrary, expression of BNIP3 was found to be closely associated with growth factors induced by hypoxia and other stress factors in high-grade non-small cell lung cancer [17] , while overexpression of BNIP3 in A549 cells was found to enhance tumor growth [18] . Upregulation of BNIP3 was found to be involved in nutrition deficiency-induced apoptosis of rat nucleus pulposus cells [19] . However, it is unclear whether and how BNIP3 plays a role in nutrition deficiency-mediated effects on CESCs.
In this study, we found that nutrition deficiency could induce CESC apoptosis and BNIP3 upregulation. We further studied the role of BNIP3 in nutrition deficiency-induced CESC apoptosis by RNA interference, and analyzed the subcellular localization of BNIP3, mitochondrial membrane potential (MMP), and caspase-3 activity. We found that nutrition deficiency could mediate CESC apoptosis partially through upregulating BNIP3 expression, leading to mitochondrial translocation of BNIP3 and reducing MMP without a significant change in caspase-3 activity. Our results indicate that BNIP3 and the downstream pathway may play an important role in nutrition deficiency-induced cell apoptosis and degeneration of CEP.
Materials and Methods
Isolation, identification, and culture of CESCs from degenerated human CEP This study was approved by the Ethics Committee of Xinqiao Hospital, Third Military Medical University (Chongqing, China). Informed consents were obtained from all the patients or their relatives before collection of samples. The procedures below were carried out in accordance with the Helsinki Declaration. The CEPs used in this study were obtained from eight patients who underwent posterior discectomy for lumbar degenerative disc disease. Details of the patients enrolled in this study were shown in Table 1 .
CESCs were isolated according to our previous study [8] and cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS) and cultured in 5% CO 2 at 37°C. Passage 1 CESCs were identified by flow cytometry with Human MSC Analysis Kit (BD Biosciences, New York, USA) containing CD90 FITC, CD105 PerCP-Cy5.5, CD73 APC, and PE hMSC Negative Cocktail composed of CD34 PE, CD11b PE, CD19 PE, CD45 PE, and HLA-DR PE. In the follow-up experiments, passage 1 CESCs were cultured under normal (DMEM/ 5 mM glucose, 10% FBS, 21% O 2 ) or nutrition-deficient (DMEM/ glucose-serum free, 1% O 2 ) condition as in previous studies [19, 20] .
Cell apoptosis assay
Cell apoptosis was analyzed using Annexin V-FITC Apoptosis Detection Kit (Beyotime, Shanghai, China). Cells were harvested and resuspended in 195 μl of Annexin V-FITC binding buffer. Then, 5 μl of Annexin V-FITC and 10 μl of propidium iodide (PI) were added and gently mixed. After 15 min of incubation at room temperature in dark, apoptosis of samples was quantified by flow cytometry using MoFlo XDP (Beckman Coulter, Fullerton, USA) within 1 h, and analyzed with FlowJo software (TreeStar, Ashland, USA). Total apoptotic rate was calculated from the number of the early and late apoptotic cells.
Quantitative real-time polymerase chain reaction analysis
Total RNA was extracted using RNAiso Plus (Takara, Otsu, Japan) and was reverse transcribed into cDNA. Then, quantitative real-time polymerase chain reaction (qRT-PCR) was performed in PCR System 7500 (Applied Biosystems, Carlsbad, USA) using QuantiNova SYBR Green PCR Kit (Qiagen, Gaithersburg, USA). Primers were designed based on reference mRNA sequences of BNIP3 (NM_004052.3) and GAPDH (NM_001256799.2). The forward (F) and reverse (R) primers are as follows: BNIP3, 5′-AGCGTTCCAGCCTCGGTTTCT ATTT-3′ (F) and 5′-AGCCCTGTTGGTATCTTGTGGTGTC-3′ (R); GAPDH, 5′-AGGAGCGAGATCCCTCCAAAATCAAGT-3′ (F) and 5′-TGAGTCCTTCCACGATACCAAAGTTGT-3′ (R).
Western blot analysis
Total protein and mitochondrial fraction were extracted using RIPA Lysis Buffer and Cell Mitochondria Isolation Kit (Beyotime), respectively. Equal amounts of protein extracts were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF membranes. Membranes were blocked and incubated with primary antibody against BNIP3 (1:500; Abcam, Cambridge, UK), GAPDH (1:5000; Abgent, San Diego, USA), or COX IV (1:500; Cell Signaling Technology, Boston, USA), and then incubated with HRP-conjugated secondary antibody (1:5000; ZSGB-BIO, Beijing, China). Protein bands were visualized by ECL Western Blotting Substrate (Millipore, Boston, USA).
Knockdown of BNIP3
Scramble siRNA and BNIP3 siRNA (h) (Santa Cruz, Santa Cruz, USA) were used. Passage 1 CESCs were transiently transfected with the siRNAs using Lipofectamine ® RNAiMAX Reagent (Life Technologies, Carlsbad, USA) for 24 h. Cells were then cultured under normal or 
MMP assay
MMP was measured using mitochondrial membrane potential assay kit with JC-1 (Beyotime). The cells were incubated with 1 ml of JC-1 working solution at 37°C for 20 min, washed twice with ice-cold 1× Dyeing buffer, and then images were captured under a fluorescence microscope (Leica). For flow-cytometry analysis, the cells were stained after trypsinization and centrifugation, resuspended in 500 μl of 1× Dyeing buffer, and then both green and red fluorescences were quantified immediately by flow cytometry using MoFlo XDP (Beckman Coulter) and analyzed with FlowJo software (TreeStar). For mitochondria with normal MMP, JC-1 forms JC-1 aggregates in mitochondrial matrix that can emit red fluorescence; for mitochondria with loss of MMP, JC-1 maintains in monomer that can emit green fluorescence.
Caspase-3 activity analysis
Caspase-3 activity was measured using Caspase-3 Activity Assay Kit (Beyotime). Cells were washed once with PBS and resuspended in 50 μl of lysis buffer for 15 min on ice. Supernatant containing total protein was collected by centrifugation at 16,000 g for 10 min. Then, 50 μl of supernatant was added to 50 μl of detection buffer containing Ac-DEVD-pNA (2 mM) which could be catalyzed by caspase-3 to produce pNA with optimal absorption at 405 nm. After 4 h of incubation at 37°C, the absorbance at 405 nm was measured and the caspase-3 activity units contained in each unit weight of protein were then normalized to the baseline of the control group.
Statistical analysis
Statistical analysis was performed using SPSS 20. Student's t-test was performed to determine the statistical significance of variables between the groups, and P < 0.05 was considered of statistically significant difference.
Results

Morphology and surface marker panel of CESCs
Monolayer culture of CESCs exhibited homogeneous fibroblast-like morphology (Fig. 1A) . Previously, stem cell makers of the CESCs were demonstrated to be similar to those of bone marrow-derived mesenchymal stem cells [8] . In this study, the results of surface markers identified using the Human MSC Analysis Kit showed that CESCs were positive for CD73, CD90, CD105, and CD44 (Fig. 1B-E) , but negative for CD34, CD45, CD11b, CD19, or HLA-DR (Fig. 1F) .
The above results demonstrated that CESCs isolated in this study were the populations of progenitor cells in human degenerative CEP.
Nutrition deficiency promotes apoptosis in CESCs
CESCs were cultured under normal or nutrition-deficient condition for 24 or 48 h ( Fig. 2A) . Cells cultured under nutrition-deficient condition gradually shrank, turned round, and fell off with the prolonged treatment (Fig. 2B) . Apoptosis of CESCs that underwent nutrition deficiency stress or normal treatment was analyzed by flow cytometry. Apoptotic rates of nutrition deficiency (ND) 24 h, ND 48 h, and the control group were 24.47% ± 0.97%, 28.98% ± 0.47%, and 17.26% ± 1.84%, respectively. Apoptotic rate of CESCs was significantly increased with the prolonged treatment of nutrition deficiency (Fig. 2C) .
Nutrition deficiency upregulates BNIP3 expression
BNIP3 has been reported to be upregulated under hypoxia or other stress conditions in various cells [16, 21] . To determine whether BNIP3 is involved in nutrition deficiency-induced apoptosis in CESCs, the expression level of BNIP3 after treatment was analyzed. Both mRNA level (Fig. 2D ) and protein level (Fig. 2E ) of BNIP3 in CESCs were (E) Total protein of CESCs was extracted after treatment and BNIP3 protein was detected by western blot analysis. GAPDH was used as the internal reference. Data were presented as the mean ± SD. * P < 0.05, ** P < 0.01. ND, nutrition deficiency.
upregulated after nutrition deficiency for 24 and 48 h compared with the control group.
Nutrition deficiency promotes apoptosis of CESCs partially through upregulating BNIP3 expression
We further tried to knock down BNIP3 in CESCs and analyze the effects of loss of BNIP3 on nutrition deficiency-induced apoptosis. Nutrition deficiency upregulated BNIP3 expression and BNIP3 siRNA (h) blocked nutrition deficiency-induced upregulation of BNIP3 in CESCs (Fig. 3A) . Knockdown of BNIP3 expression significantly decreased nutrition deficiency-induced apoptosis in CESCs (Fig. 3B) . However, under the condition of BNIP3 knockdown, apoptosis of nutrition deficiency-treated CESCs was significantly higher than that of normal CESCs (Fig. 3B) , suggesting that nutrition deficiency could mediate apoptosis partially through upregulating BNIP3 expression.
Nutrition deficiency induces mitochondrial translocation of BNIP3 in CESCs
To determine whether nutrition deficiency-induced BNIP3 upregulation could lead to the activation of BNIP3-related pathway in CESCs, subcellular localization of BNIP3 was analyzed by immunofluorescence assay. Confocal images of BNIP3 and mitochondria showed the timedependent upregulation of BNIP3 after nutrition deficiency treatment (Fig. 4A , c, g, and k), which was quantified according to the intensity of red fluorescence (Fig. 4B) .The merged pictures showed translocation of BNIP3 from cytosol to mitochondria after nutrition deficiency treatment (Fig. 4A, d , h, and l) compared with the control group. Western blot assay of mitochondrial fraction was then conducted to further demonstrate mitochondrial translocation of BNIP3. As shown in Fig. 4C , compared with the control group, the amount of BNIP3 located to mitochondria was upregulated at 24 and 48 h, which was in accordance with the results of immunofluorescence assay. 
Nutrition deficiency-induced upregulation and mitochondrial translocation of BNIP3 result in reduced MMP in CESCs
To further investigate the effects of nutrition deficiency-induced upregulation and mitochondrial translocation of BNIP3 on mitochondria function, MMP was detected by JC-1 staining and analyzed by fluorescence microscopy and flow cytometry. Fluorescence images showed enhanced intensity of green fluorescence with the extension of treatment time (Fig. 5A, b , e, and h), whereas the intensity of red fluorescence was not obviously changed (Fig. 5A, a,  d, and g ). The merged pictures showed a time-dependent decrement of relative proportion of red fluorescence (Fig. 5A, c, f, and i) . The ratio of red and green fluorescence intensity was quantified and shown in Fig. 5B , which indicated a marked decrease of MMP in CESCs after nutrition deficiency treatment. The ratio of the fluorescence intensities at emission wavelengths of 590 and 530 nm excited at 480 nm by flow cytometry also showed a marked decrease of MMP in nutrition deficiency-treated CESCs (Fig. 5C ). Nutrition deficiency shows no effect on caspase-3 activity in CESCs BNIP3 was reported to cause cell death by either caspase-dependent or caspase-independent pathway [19, 22] . To determine whether nutrition deficiency-induced apoptosis of CESCs is caspase dependent, caspase-3 activity of CESCs cultured under normal or nutritiondeficient condition for 24 and 48 h was measured. The relative activity was calculated by normalizing to the baseline of the normal condition group. No significant difference of relative caspase-3 activity between the nutrition deficiency and the control group was found ( Table 2 ), suggesting that the BNIP3-related pathway involved in nutrition deficiency-induced apoptosis of CESCs might be caspase independent.
Discussion
CEP located on the upper and lower edge surface of the vertebral body plays an important role in nutrient and metabolite transportation, disc biomechanical integrity, and physiological function [23] . CEP degeneration with restriction of solute movement via the CEP plays a crucial role in IDD [24, 25] . Apoptosis of CEP chondrocytes can be induced by interrupted nutrition supply, leading to IDD in rabbit [7] . Meanwhile, decreased cell density was observed in CEP with IDD [11, 26] . The balance of death, proliferation, and differentiation of CESCs is important for the integrity of structure and function of CEP. Thus, it is reasonable to hypothesize that impaired nutrition supply may affect proliferation and differentiation of CESCs and play an important role in CEP degeneration. In this study, CESCs were cultured under normal or nutritiondeficient condition, which is similar to nutrition deficiency caused by impaired bloody supply of vertebral body. Apoptosis of CESCs under nutrition-deficient condition was significantly increased when compared with the control group, suggesting that nutrition deficiency-induced cell death of CESCs may play an important role in the reduction of cell density in CEP and its degeneration. Consequently, improving the nutrition supply of vertebral body with poor blood supply would provide CESCs a survival advantage to reduce nutrition deficiency-induced apoptosis.
BNIP3 is a dual regulator with pro-apoptotic function [27] [28] [29] [30] and controversial non-apoptotic function [31, 32] . Hypoxia inducible factor 1-dependent upregulation of BNIP3 plays a significant role in ischemia-induced apoptosis of myocytes [33, 34] , suggesting that BNIP3 might be involved in nutrition deficiency-mediated apoptosis of CESCs. BNIP3 is mostly reported to cause mitochondrial dysfunction via activating Bax/Bak or opening mitochondrial permeability transition pore, which leads to loss of MMP [27, 35, 36] . Previous extensive studies indicate that loss of MMP may result in the release of cytochrome c, which induces caspase-dependent cell death [22, 37] . In studies of ischemia-mediated necrosis and apoptosis of cardiac myocytes, BNIP3 was found to be required for hypoxia-induced acidosis to activate the death pathway [21, 38] , whereas impaired blood supply for vertebral body may also result in anaerobic metabolism in CEP and lead to acidosis accumulation, which may also play important roles in nutrition deficiency-induced apoptosis of CESCs.
In this study, BNIP3 in CESCs was found to be significantly upregulated during nutrition deficiency-induced apoptosis. BNIP3 knockdown significantly decreased nutrition deficiency-induced apoptosis in CESCs, suggesting that nutrition deficiency could mediate apoptosis partially through upregulating BNIP3 expression. Mitochondrial translocation of BNIP3 accompanied by the loss of MMP in CESCs was observed after nutrition deficiency treatment, suggesting that the BNIP3-related pathway is activated in CESCs during nutrition deficiency. The above results indicate that BNIP3-related pathway may play an important role in nutrition deficiency-stimulated CEP degeneration. Therefore, it would be beneficial to reduce cell apoptosis in CEP resulted from poor blood supply by suppressing the expression of BNIP3 together with improving the nutrition supply.
BNIP3 was also reported to mediate cell death with nuclear apoptotic change-independent cytochrome c release and caspase activation [36, 39] . BNIP3 was found to induce the release of endonuclease G from cardiac mitochondria during ischemia, leading to apoptotic DNA degradation [40] . Meanwhile BNIP3 is also involved in non-mitochondrial TNF-triggered cell death [41] . In this study, no statistical significance of caspase-3 activity was found among the groups, which suggests that the activated BNIP3-related pathway in CESCs under nutrition deficiency may induce apoptosis of CESCs in a caspase-independent manner. Nevertheless, the mechanism of BNIP3 in nutrition deficiency-induced apoptosis of CESCs still needs to be further established.
During the analysis of subcellular localization of BNIP3 and MMP, we found that the intensity of staining of mitochondria was enhanced with the propagation of nutrition deficiency. During cold acclimation of threespine stickleback, increased mitochondrial density was recognized to partially compensate for the decreased activity [42] . It could be inferred that slightly enhanced staining intensity of mitochondria accompanied with nutrition deficiency in the present study might show increased mitochondrial density and function as a compensation for ATP deletion due to the loss of MMP to meet the energy requirements of cells.
In summary, we found that nutrition deficiency-induced upregulation of BNIP3 could lead to the activation of the BNIP3-related pathway and promote apoptosis of CESCs in a caspase-independent manner. More investigations are needed to confirm the exact role of each factor, i.e. hypoxia, glucose, and serum deprivation, in nutrition deficiency-induced apoptosis of CESCs, as well as the mechanism by which BNIP3 promotes apoptosis in a caspase-independent manner. Furthermore, in vivo investigations are required to further study the effects and the pathway of nutrition deficiency on apoptosis of CESCs and CEP degeneration.
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